These results suggest that GrnA and GrnB act indepenas capable of withstanding infection with LCMV or Listeria monocytogenes or inoculation with syngeneic tudently to induce target cell apoptosis and that these three granule components are the major effectors of mors as wild-type mice. However, GrnA-deficient mice are defective in their ability to protect against hepatic granule mediated lysis.
Evidence from knockout (KO) mice rendered deficient failure and death from ectromelia, a cytopathic mousepox virus (Mullbacher et al., 1996) . The susceptibility of in perforin, GrnA, or GrnB support the conclusions of the RBL transfection experiments (Heusel et al., 1994 the granzymes and their similar biochemical properties, be contaminated with small amounts of other granzymes with similar physicochemical properties, we verified purified enzyme preparations may be contaminated with other granzymes. We have been able to produce recomthese results using the recombinant enzyme. Recombinant GrnA was introduced into chromium-labeled target binant active GrnA and GrnB and inactive variants with the active site serine mutated to alanine (Beresford et cells using sublytic doses of perforin, determined separately for each cell line to induce 2%-10% specific lysis. al., 1997; Xia et al., 1998; MacDonald et al., 1999 ), which has enabled us to study the characteristics of cell death GrnA induced between 32% and 100% specific cytotoxicity in Raji, HeLa, Jurkat, and K562 cells compared with induced by each of these enzymes. We find that cytolysis but not DNA degradation induced by GrnB is caspase 1%-16% with perforin or GrnA alone. Cell lines vary in susceptibility to GrnA loading ( Figure 1A ). Propidium independent. GrnA induces rapid cytolysis and activates a novel form of DNA damage within 2 hr of loading. Both iodide (PI) staining was used to assay loss of membrane integrity and nuclear condensation after GrnA loading. cytolysis and DNA damage by GrnA are independent of caspase activation or caspase substrate cleavage. In About 10% of cells stained for PI after loading with perforin or GrnA, comparable to the specific lysis calcuaddition, overexpression of bcl-2 does not protect cells from GrnA-mediated death. Although GrnA esterase aclated by chromium release. When GrnA or GrnB were loaded with perforin into K562 cells, approximately tivity is required for DNA damage, it is not needed for cytolysis.
80%-90% of cells included PI ( Figure 1B With GrnA loading we also observed the formation of membrane blebs. This was initially observed during When purified GrnA is introduced into target cells with perforin, it induces cell death assayed by chromium Triton X-100 loading of GrnA into K562 cells, but it was also present after more physiological perforin loading release. Since purified native GrnA preparations might Cr release after perforin tect other forms of DNA damage that might be induced loading of either GrnA or GrnB was not significantly by GrnA, terminal deoxynucleotidyl transferase was ininhibited by caspase inhibition ( Figure 4A ). Similar retroduced into whole cell lysates in the presence of radiosults were found for Jurkat cells (data not shown). Howlabeled deoxynucleotides after GrnA or GrnB loading. ever, preincubation of cells with both the caspase-3, Labeling was detected after GrnB but not after GrnA Ϫ7, and Ϫ8 inhibitor DEVD-FMK and the broad caspase loading (data not shown). However, the Klenow fragment of DNA polymerase I radiolabeled DNA strand breaks inhibitor Z-VAD-FMK (Garcia-Calvo et al., 1998) blocked Figure 5A ). In cell lysates, GrnB degraded caspase-3 to p20 but GrnA, S-AGrnA, or the S-AGrnB did al., 1995; Sutton et al., 1997). To assess the effect of bcl-2 on GrnA-mediated cytolysis, GrnA was loaded into not ( Figure 5B) . Similarly, caspase-3 was degraded only in GrnB-loaded cells ( Figure 5C ).
Jurkat cells transfected to overexpress bcl-2 or neo control. Overexpression of bcl-2 did not affect GrnATo verify further the caspase independence of GrnAmediated cell death, cleavage of caspase pathway subinduced cytolysis ( Figure 5D ). The GrnA substrate PHAP II was cleaved in both neo and bcl-2 overexpressing strates after GrnA loading was evaluated. PARP, lamin B, and Rho-GTPase were cleaved in cells loaded with cells ( Figure 5E ). However, the caspase substrate RhoGTPase was not cleaved after GrnA loading, irrespective GrnB (but not with GrnA) within 1 hr of loading ( Figures  5C and 5E 
Discussion
These findings were confirmed here with loading recombinant GrnA. We found, however, that GrnA induces In this paper we used perforin loading of recombinant rapid DNA damage detectable 2-4 hr later in the form of granzymes to distinguish and define some of the propersingle-strand nicks that cannot be visualized by agarose ties of cell death induced by GrnA and GrnB. We found gel electrophoresis or detected by release of small soluthat the requirements for cytolysis are distinct from ble DNA fragments, but it can be seen in denaturing those for DNA damage induced by each of these enalkaline gels or by radiolabeled nucleotide incorporation zymes. For both enzymes, membrane integrity was disby Klenow polymerase. Moreover, oligonucleosomal DNA breakdown by GrnB is synergistically enhanced by rupted in a caspase-independent manner, as has pre- , 1996) .
perforin that induce between 2% and 10% cytolysis in a 2 hr assay
We previously identified a strong interaction between were determined independently for each cell line.
GrnA and hsp27, a protein that regulates actin polymerization (Beresford et al., 1998). We found that hsp27 is 
